The colour of carbon fibre fabric is black which limits its aesthetic properties. CO 2 laser has been used for cutting carbon fibres. The impact of CO 2 laser treatment to modify the surface of carbon fibre fabric is investigated in this work. Different combinations of laser process parameters, i.e., pixel time (110, 120, 130, 140, 150, 160, 170, 180, 190 and 200 µs, with 10 µs intervals) and resolution (70, 80, 90 and 100 dpi (dots per inch), with 10 dpi intervals), were used for treating carbon fibre fabric surface. Since the laser process is a surface treatment, contact angle measurement was used for evaluating the wetting property imparted after laser processing. The resistivity of the laser-treated carbon fibre fabric was measured to evaluate any effect on the original electrical property of the carbon fibre fabric. Moreover, surface morphology and functionality of laser-treated carbon fibre fabric were assessed by scanning electron microscopy (SEM) and Fourier transform infrared spectroscopy-attenuated total internal reflectance (FTIR-ATR), respectively. SEM assessment was to examine the physical change in the carbon fibre surface after laser processing. On the other hand, the FTIR-ATR measurement can help to evaluate the chemical change in the carbon fibre surface after laser processing.
Introduction
Carbon fibre fabric generally contains at least 92 wt % of carbon [1, 2] . This high carbon content can make it have good mechanical properties, thermal resistance, chemical inertness and electrical conductivity [1, 3] . Thus, carbon fibre fabric is a very good material for different applications such as sports equipment and military purposes [3] [4] [5] [6] . However, the colour of carbon fibre fabric is black which limits its aesthetic properties [7] . Therefore, this study attempts to identify a physical method to improve aesthetic properties of carbon fibre fabric. Among different physical methods, CO 2 laser treatment is an effective physical surface treatment used for different types of fabrics. Due to the increasing concerns on environmental protection issue, CO 2 laser treatment is a method for surface treatment which is based purely on physical interaction between the laser and the material surface [8] [9] [10] [11] [12] . Previous studies reveal that CO 2 laser treatment is a good candidate for changing aesthetic properties of materials in fabric form [13] [14] [15] . With careful control of CO 2 laser treatment process parameters, the aesthetic effects (surface textual effects) can be controlled with minimum damage of the material itself [16] [17] [18] [19] [20] . Therefore, the aim of this study was to evaluate the impact of CO 2 laser treatment on carbon fibre fabric. It is expected that CO 2 laser treatment can provide an effective way to enhance the surface textual effect (aesthetic effect) of carbon fibre fabric without altering its original properties.
Experimental

Materials
Carbon fibre fabric (without sizing material) in woven form (99.5% carbon, 30 picks per inch and 30 ends per inch) (model: 1071 HCB, manufactured by AvCarb, supplied by Fuel Cell Store, Lowell, TX, USA) was used in this study. The fabric weight and thickness were 132 g/m 2 and 0.356 mm, respectively. The carbon fibre fabric was first cleaned with acetone (30 mL/L) for 15 min to remove oily and greasy impurities on the fabric surface. After cleaning, the fabric was dried completely in an oven at 70 • C for at least 15 min. The cleaned carbon fibre fabric was then stored in a conditioning room with relative humidity of 65% ± 2% at 21 ± 1 • C for at least 24 h before use.
Laser Treatment
Industrial scale laser engraving machine (with pulsed CO 2 source, wavelength = 10.6 µm) ("Flexi-e V2", Jeanologia, Valencia, Spain) coupled to a laser operating system "eMark" was used in the study in normal atmospheric environment. The carbon fibre fabric samples were laid flat on the laser treatment table to avoid wrinkling effect and uneven laser irradiation. The carbon fibre fabrics were then treated under different combinations (total 40 combinations) of laser process parameters, i.e., pixel time (110, 120, 130, 140, 150, 160, 170, 180, 190 and 200 µs, with 10 µs intervals) and resolution (70, 80, 90 and 100 dpi (dots per inch), with 10 dpi intervals). The laser fluence was in the range of 3.50-70.0 W/cm 2 . The surface engraved pattern size in the carbon fibre fabric was 5 cm × 5 cm. After laser treatment, the samples were conditioned with relative humidity of 65% ± 2% and 21 ± 1 • C for at least 24 h before evaluation.
Contact Angle Measurement
The surface wetting behaviour of the carbon fibre fabric was measured using a contact angle meter (CAM-Micro, Tantec, IL, USA) [19] . A drop of 5 µL deionised water was used to probe the sample surface. The image of the water droplet was captured by a high-resolution camera and the water contact angle was measured from the image. Several readings were measured for each sample and three readings with 95% confidence level were taken and the mean value was calculated.
Electrical Resistance Measurement
A multimeter (model 280, KITLER, Istanbul, Turkey) was used to measure electrical resistance of carbon fibre fabric. The range of measurement was selected at 20 Ω (resolution at 0.01 Ω). The multimeter was connected to two copper electrodes. Each of the electrodes had a contact area 1 cm × 3 cm against sample. Long edge of the two electrodes was in parallel and at 3 cm distance with each other. During resistance measurement, carbon fibre fabric was placed on a flat and insulated surface. Then, the electrodes were pressed against sample surface with 3 kgf (each) to ensure good contact. The resistance measurements were conducted in both warp and weft directions. Several readings were measured for each sample and three readings with 95% confidence level were taken and the mean value was calculated.
Scanning Electron Microscopy (SEM)
Surface morphology of the fabric was investigated by SEM (Model JSM-6490, JEOL, Tokyo, Japan) with a resolution up to 15,000×.
Fourier Transform Infrared Spectroscopy-Attenuated Total Internal Reflectance (FTIR-ATR)
The surface functional groups of laser-treated carbon fibre fabric were determined by a Fourier Transform infrared spectrophotometer (Spectrum 100, Perkin Elmer Limited, Waltham, MA, USA) equipped for measuring attenuated total internal reflectance (ATR). FTIR-ATR spectrum of the carbon fibre surface was obtained with 64 scans at 4 cm −1 resolution. Figure 1 shows the image of carbon fibre fabric laser-engraved with different combinations of laser process parameters, i.e., pixel time (110, 120, 130, 140, 150, 160, 170, 180, 190 and 200 µs) and resolution (70, 80, 90 and 100 dpi). Obviously, the laser treatment can introduce pattern and design effect on the carbon fibre fabric. Since carbon fibre fabric is very difficult to be coloured, the pattern and design effect can enhance aesthetic properties of the fabric. With the use of laser processing, there is no significant change in electrical resistance of the laser-treated carbon fibre fabric. Thus, laser treatment is a good process to enhance aesthetic properties of carbon fibre fabric without altering its original electrical properties [21] [22] [23] . Based on the pattern in Figure 1 , it is noted that the pattern intensity becomes darker with increasing pixel time and resolution. The pattern with the highest darkness intensity is 200 µs/100 dpi which may be due to the highest laser energy applied. equipped for measuring attenuated total internal reflectance (ATR). FTIR-ATR spectrum of the carbon fibre surface was obtained with 64 scans at 4 cm −1 resolution. Figure 1 shows the image of carbon fibre fabric laser-engraved with different combinations of laser process parameters, i.e., pixel time (110, 120, 130, 140, 150, 160, 170, 180, 190 and 200 μs) and resolution (70, 80, 90 and 100 dpi). Obviously, the laser treatment can introduce pattern and design effect on the carbon fibre fabric. Since carbon fibre fabric is very difficult to be coloured, the pattern and design effect can enhance aesthetic properties of the fabric. With the use of laser processing, there is no significant change in electrical resistance of the laser-treated carbon fibre fabric. Thus, laser treatment is a good process to enhance aesthetic properties of carbon fibre fabric without altering its original electrical properties [21] [22] [23] . Based on the pattern in Figure 1 , it is noted that the pattern intensity becomes darker with increasing pixel time and resolution. The pattern with the highest darkness intensity is 200 μs/100 dpi which may be due to the highest laser energy applied. Figures 3-6 show that carbon fibre fabrics treated with different combinations of laser parameters show different surface appearances. The common surface feature of laser-treated fabrics is that the parallel stripes along the fibre axis remain unaffected, but the density of parallel stripes increases after laser treatment. In laser treatment, the laser may interact with the carbon fibre fabric surface and influence surface appearance. Figures 3 and 4 show carbon fibre fabrics treated with the same pixel time (110 µs) (the laser irradiation time) but different resolutions (70 and 100 dpi). If high resolution is used, laser density per inch increases, which means more surface area is covered by the laser beam. In the case of Figures 3 and 4 , it is obvious that laser irradiation increases the number of parallel stripes in the carbon fibre fabric. With resolution of 100 dpi, some shallow cracks are observed in the parallel stripes. This effect may be due to the increase in laser energy density per area when resolution is increased from 70 to 100 dpi.
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Surface Morphology
Figures 3 and 5 depict specimens treated with the same resolution of 70 dpi but with different pixel times. Density of parallel stripes is similar in both but some deep cracks are noted in the case of longer pixel time ( Figure 5 ). This is due to the long pixel time allowing more time for a laser beam to irradiate at the same location, leading to the deep crack formation.
Figures 4 and 6 show a trend similar to Figures 3 and 5. With pixel time increasing from 110 to 200 µs, the surface effect is enhanced, i.e., intensity of parallel stripes along the fibre axis and cracks formed in the parallel stripes are increased. In addition, some holes appear on the surface. Because of the use of highest pixel time in this study, the laser beam has the longest time to irradiate at one location and thus the cracks formed may have become deep holes because of the longer laser treatment time. Obviously, the CO 2 laser treatment with resolution of 100 dpi and pixel time of 200 µs roughened the surface significantly when compared with other combinations of laser process parameters.
In Figure 6 , it is clear that the surface modification is distributed uniformly in the carbon fibre surface as indicated at low magnification (7000×) (Figure 6a ) and high magnification (15,000×) ( Figure 6b ).
SEM image in Figure 2 shows that the surface is smooth and even in the untreated carbon fibre fabric. Parallel stripes are noted along the fibre axis with uniform size. This uniform and smooth surface structure contributes to an even surface in the untreated carbon fibre fabric. When light is reflected from such even surface, regular reflection (Figure 7a ) occurs and makes the carbon fibre fabric appear lighter than other portions with laser treatment (Figure 1 ). On the other hand, with laser treatment, the carbon fibre surface is etched and roughened. Thus, when light is reflected from such rough and uneven surface, diffuse reflection (Figure 7b ) may occur and the lustrous property of the carbon fibre fabric is reduced. Therefore, the laser-treated carbon fibre looks darker than untreated carbon fibre as shown in Figure 1 .
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Surface Functional Groups
In this study, FTIR-ATR technique is used to analyse the surface functionality of laser-treated carbon fibre fabrics. FTIR-ATR technique is a simple and useful method to compare surface functional groups between untreated and laser-treated carbon fibre fabrics in addition to XPS [24] . Figure 8 shows the comparison of FTIR-ATR spectra of untreated and laser-treated carbon fibre fabric samples. It is obvious that intensity within some ranges of wavenumbers are increased after laser treatment. In the range of 2850-3000 cm −1 (Circle (a)) which represents alkane C-H functional group [25] , intensity of laser-treated carbon fibre fabric is increased. This increase in C-H intensity is due to the laser etching that breaks the carbon-carbon chain in carbon fibre (e.g., formation of cracks in the fibre surface) leading to formation of new linear alkane hydrocarbon chain. In addition, in the 1400-1500 cm −1 range (Circle (d)) which represents the -CH 2 and -CH 3 bending [26] , the formation of -CH 2 and -CH 3 bending can support formation of C-H functional groups as shown in the range of 2850-3000 cm −1 because of the breakdown of long carbon-carbon chains into new linear alkane hydrocarbon chains. 
In this study, FTIR-ATR technique is used to analyse the surface functionality of laser-treated carbon fibre fabrics. FTIR-ATR technique is a simple and useful method to compare surface functional groups between untreated and laser-treated carbon fibre fabrics in addition to XPS [24] . Figure 8 shows the comparison of FTIR-ATR spectra of untreated and laser-treated carbon fibre fabric samples. It is obvious that intensity within some ranges of wavenumbers are increased after laser treatment. In the range of 2850-3000 cm −1 (Circle (a)) which represents alkane C-H functional group [25] , intensity of laser-treated carbon fibre fabric is increased. This increase in C-H intensity is due to the laser etching that breaks the carbon-carbon chain in carbon fibre (e.g., formation of cracks in the fibre surface) leading to formation of new linear alkane hydrocarbon chain. In addition, in the 1400-1500 cm −1 range (Circle (d)) which represents the -CH2 and -CH3 bending [26] , the formation of -CH2 and -CH3 bending can support formation of C-H functional groups as shown in the range of 2850-3000 cm −1 because of the breakdown of long carbon-carbon chains into new linear alkane hydrocarbon chains. The region of 1670-1820 cm −1 generally represents the presence of C=O carbonyl functional group [25] on the carbon fibre surface after laser treatment and peak intensity is more obvious in 1670-1700 cm −1 (Circle (b)). The increase in peak intensity in 1670-1700 cm −1 indicates that oxygencontaining groups are introduced over the carbon fibre surface after laser treatment which may be due to the thermal oxidation effect [16] [17] [18] . On the other hand, peak intensity in the region 1050-1250 cm −1 (Circle (e)) is increased which represents the C-O-C [26] . Since laser treatment is carried out at atmospheric pressure, the high laser energy generated during the treatment may cause thermal oxidation effect in the presence of oxygen in air and introduce oxygen-containing functional groups as evidence in the increased peak intensities in wavenumbers 1670-1700 cm −1 and 1050-1250 cm −1 . In the range 1050-1150 cm −1 [25] , an evident peak ascribed to C-O functional groups is noted. The formation of new functional groups with oxygen in laser-treated carbon fibre surface improves its hydrophilicity and hence the contact angles are generally reduced.
Interestingly, there is a sharp peak in the range 1500-1600 cm −1 (Circle (c)) in the laser-treated carbon fibre fabric which may be due to the formation of N-H functional groups [26] over the carbon fibre surface. As the laser treatment is conducted at atmospheric conditions, nitrogen in the air could have formed nitrogen-containing functional groups.
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Interestingly, there is a sharp peak in the range 1500-1600 cm −1 (Circle (c)) in the laser-treated carbon fibre fabric which may be due to the formation of N-H functional groups [26] over the carbon fibre surface. As the laser treatment is conducted at atmospheric conditions, nitrogen in the air could have formed nitrogen-containing functional groups. To evaluate the change in surface functionality of the carbon fibre fabrics under the influence of laser treatment quantitatively, the peak ratio is calculated and summarised in Table 1. In the peak ratio analysis, the absorbance of the C-C single bond frequency at 1000 cm −1 is used as internal reference [27] . Based on the results in Table 1 , the surface functionality of carbon fibre fabric is altered under the influence of laser treatment. Different quantity of function groups in the assigned peak are enhanced after laser treatment. Note : Peak ratio = Absorbance at assigned peak Absorbance at C − C sin gle bond frequency at 1000 cm 1 .
Contact Angle
The contact angles of different laser-treated carbon fibre fabric samples are shown in Table 2 . The contact angle of untreated carbon fibre fabric is 135 • (with 95% confidence level). After laser-treatment, the contact angle of the laser-treated carbon fibre fabric decreases to different extents, with the variation of pixel time and resolution. Generally, the increase in pixel time and resolution increases laser irradiation energy to interact with the substrate surface [16] [17] [18] . However, the level of laser irradiation energy depends on the combination of the laser process parameters of pixel time and resolution [16] [17] [18] . The decrease in contact angle of laser-treated carbon fibre fabric indicates that wettability of fabric is changed and the laser-treated carbon fibre fabric can absorb water easier than untreated carbon fibre fabric. This change in wettability may be due to the introduction of hydrophilic functional groups on the carbon fibre surface. Those hydrophilic functional groups may be the oxygen-containing functional groups [13] . Since laser treatment was conducted in atmospheric conditions, the high laser irradiation energy together with the ambient oxygen introduce oxygen-containing functional groups to the carbon fibre fabric surface as shown in Figure 8 . 
Electrical Resistance
Electrical resistance of differently laser-treated carbon fibre fabrics is shown in Table 3 . The electrical resistance of untreated carbon fibre fabric is 0.90 Ω. Experimental results reveal that laser treatment does not affect electrical resistance of the carbon fibre fabric though wettability of the fabric is improved. Figure 9 depicts the correlation between contact angle and electrical resistance. There is no direct relationship between the contact angle and the electrical resistance. In the laser treatment, the interaction between laser beam and the carbon fibre fabrics is mainly in the fibre surface and the laser process affects only the fabric surface, only a thin layer of carbon fibre is removed [21] [22] [23] , which may affect surface properties of the carbon fibre fabric such as contact angle. However, the electrical resistance property is a bulk property and the surface laser engraving process may not affect inner part of the carbon fibre fabric and hence alter the its original properties [16, 20] . Therefore, a scattered relationship is noted in Figure 9 . Figure 9 . Relationship plot between contact angle and electrical resistance.
Conclusions
This study investigated the effect of CO2 laser treatment with different combinations of process parameters, i.e., resolution (ranged 70-100 dpi) and pixel time (110-200 μs) on carbon fibre fabric. The CO2 laser treatment is a surface treatment which does not affect its original properties of the carbon fibre fabric. It was found that the general electrical property of the fabric did not change much after laser treatment. Even contact angles against water were decreased after CO2 laser treatment. SEM images revealed that cracks were generated on the carbon fibre surface and in an extreme case (resolution of 100 dpi and pixel time of 200 μs), deep holes were also generated on the carbon fibre surface. The formation of cracks/holes roughened the surface which made the carbon fibre fabric look darker (reduced surface lustre) than untreated carbon fibre fabric due to diffused reflection. Surface functional groups were determined by FTIR-ATR method. Obviously, oxygen-containing functional groups were introduced to the carbon fibre surface after CO2 laser treatment. Interestingly, nitrogencontaining functional groups were induced on the carbon fibre surface after CO2 laser treatment. Based on the results of this study, although the colour of carbon fibre fabric is black, CO2 laser treatment can improve its aesthetic properties by altering its light reflection behaviour. In addition, the introduced functional groups could be used for grafting of various molecules. 
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